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Abstract 7 

The influence of the adhesive type on bond behaviour between concrete and Carbon Fibre Reinforced 8 

Polymers (CFRP) laminate strips, in the context of Near Surface Mounted (NSM) strengthening 9 

technique, is considered as crucial for an efficient design. Thus, direct pullout tests were carried out to 10 

assess the influence of i) type of adhesive ii) CFRP cross-section and (iii) bond length on behaviour of 11 

NSM-CFRP system. Two types of stiff adhesives and one type of flexible adhesive were studied. For 12 

similar bond lengths, significantly higher maximum pullout force and bond stiffness were observed in the 13 

case of stiff adhesives, while noticeably higher slip at maximum force was achieved with the flexible 14 

adhesive. Analytical and numerical investigations were carried out in order to determine the local bond 15 

stress-slip relationships for both stiff and flexible adhesives. After demonstrating its good predictive 16 

performance, the analytical approach was used to design curves of the required anchorage lengths of 17 

NSM-CFRP system at ultimate limit state conditions. For the analytically calibrated mechanical 18 

parameters of NSM bond-slip law a two-dimensional numerical model of the direct pullout tests was 19 

worked out. 20 
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1. INTRODUCTION 25 

Carbon Fibre Reinforced Polymers (CFRP) composite materials applied according to Near Surface 26 

Mounted (NSM) or Externally Bonded Reinforcement (EBR) techniques have been extensively studied as 27 

flexural or shear strengthening solutions to rehabilitate existing structures vulnerable to damage under 28 

static, dynamic and fatigue loading conditions [1-3]. The NSM technique, based on the insertion of 29 

reinforcing elements in pre-opened grooves located in the concrete cover of the element to be 30 

strengthened, has been shown to reduce premature failure modes (like debonding of the CFRP from 31 

concrete), when compared to the EBR technique [4]. Typically, epoxy adhesives are used to fix the CFRP 32 

composites to concrete.  33 

Several experimental investigations have been conducted to evaluate the influence of several parameters 34 

on the bond behaviour between concrete and the NSM-CFRP system, being the most critical ones [5-7]: 35 

i) the geometry of the groove and of the CFRP element, ii) the mechanical properties of concrete, iii) the 36 

type of surface treatment of the groove and, iv) the characteristics of the external surface of CFRP 37 

reinforcement. The existing NSM bond testing configurations can be classified in two main groups: (i) 38 

Direct Pullout Tests (DPT) and (ii) Beam Pullout Tests (BPT) [3, 8, 9]. In the context of DPT, the cubic 39 

and prismatic blocks are typically used, while in the BPT a beam with a notch at mid-span or two 40 

concrete blocks connected with a metallic hinge, adopting the three or four point bending tests 41 

configuration, are used [9]. The following failure modes can be observed when bond tests are performed 42 

with NSM-CFRP laminate strips [5]: i) failure by debonding at CFRP-adhesive interface; ii) cohesive 43 

failure in the adhesive; iii) failure at the adhesive-concrete interface; iv) cohesive failure in the concrete; 44 

and, v) CFRP rupture. Typically DPT are used to assess end debonding/anchorage and shear 45 

strengthening, whereas BPT are utilized to study intermediate debonding. 46 

Existing research has shown that, despite the available experimental investigations on the bond behaviour 47 

of CFRP systems, few studies have been dedicated to assess the influence of the adhesive type and its 48 

curing conditions [10-14]. In this context, the influence of stiff (epoxy resin) and flexible (polyurethane 49 

polymers) adhesives with CFRP systems used to repair masonry structures was experimentally 50 

investigated [10, 15, 16]. The obtained results demonstrated that the flexible adhesive is more effective 51 

than the stiff one due to the reduction of stress concentrations and smoother stress distribution along the 52 

bond length, as well as higher bond fracture energy. Additionally, flexible adhesives present glass 53 

transition temperatures far from the service temperatures, e.g. [17], which is not the case when cold 54 
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curing epoxies, that are normally used in strengthening applications, are used, e.g. [18]. However, further 55 

experimental investigations are still required to confirm these benefits and give more insights into the 56 

application of flexible adhesives. 57 

Besides the experimental characterization, reliable models to predict the bond behaviour between the 58 

NSM-CFRP systems and concrete are fundamental [19-22]. These are essential to increase the confidence 59 

of engineers and designers in the adoption of such NSM-CFRP reinforcement as strengthening solutions 60 

for concrete structural elements. For this purpose, the development of reliable analytical models capable 61 

of determining the local bond-slip laws is essential. 62 

This research aims at, firstly, investigate the influence of using stiff and flexible adhesives in the NSM-63 

CFRP system through DPT tests. The experimental program investigates the influence of cross sectional 64 

area of CFRP laminate and bond length for each adhesive type, on the NSM-CFRP bond behaviour. The 65 

applied pullout force and the loaded end slip were recorded during the entire loading sequences. The 66 

strain field evolution on the NSM-CFRP laminate region was assessed using the Digital Image 67 

Correlation (DIC) method, to better understand the bond resisting mechanisms of NSM-CFRP system for 68 

each adhesive type. Afterwards, local bond-slip relationships and the corresponding bond design curves 69 

of NSM-CFRP system were determined for both types of adhesives using an analytical model. Based on 70 

this analytical modelling, a numerical model of the experimental setup was build. Finally, the carried out 71 

simulations, which were validated by the experimental results, allowed to determine the distributions of 72 

slips and bond stresses along the anchorage length for the tested specimens. 73 

 74 

2. EXPERIMENTAL PROGRAM 75 

The experimental program was composed of 17 series of specimens, considering the following variables: 76 

i) type of adhesive (ADH1, ADH2, and ADH3), ii) bond length (between 50 mm and 300 mm) and 77 

iii) type of CFRP cross-section geometry (L10 and L20). The test program of the current study is part of a 78 

wider experimental research, which included flexural tests on full-scale slab specimens (detailed in the 79 

second part of the present companion paper). The results of 3 pullout tests series collected from [23], with 80 

the same geometry and material properties, are also presented and analysed in the present study. 81 

2.1 Specimens and testing configurations 82 

As previously mentioned, three adhesive types (ADH1, ADH2 and ADH3) were tested in combination 83 

with two types of CFRP laminate cross-section geometries (L10: 10×1.4 [mm] and L20: 20×1.4 [mm]), 84 
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applied with six different bond lengths (Lb: 50, 60, 80, 100, 200 and 300 mm). Table 1 summarizes the 85 

test program. Three specimens were tested in each series, yielding a total of 51 pullout tests. The generic 86 

denomination of each series is ADHX_LYY_LbZZ, where X is the adhesive type (1, 2 or 3), YY is the 87 

width of the CFRP laminate strip (10 or 20 mm) and ZZ is the bond length (50 to 300 mm). 88 

The bond tests of the NSM-CFRP configurations with relatively small bond lengths were carried out by 89 

adopting concrete cubic specimens, since this type of configuration proved to contribute for the accurate 90 

assessment of the bond behaviour [24]. However, for higher bond lengths, concrete blocks with longer 91 

geometry were required. Accordingly, for the pullout specimens with bond lengths of up to 100 mm, 92 

concrete cubic specimens with 200 mm of edge were adopted (see Figure 1), while concrete prismatic 93 

specimens with dimensions of 150×150×600 [mm] were used for bond lengths larger than 100 mm (Lb: 94 

200 and 300 mm). Both geometries of the blocks fulfil the requirements included in CAN/CSA S6-06 95 

guideline [25], mainly the minimum edge distance from the CFRP to the borders (equal to five times the 96 

CFRP laminate width). 97 

For the application of CFRP laminates according to the NSM technique, grooves were opened in the 98 

concrete blocks using a cutting machine with a diamond disk. Rectangular cross-sections of 5×15 [mm] 99 

(actual geometry: 5.19 mm (CoV = 3.2%), 15.53 mm (CoV = 2.2%)) or 5×25 [mm] (actual geometry: 100 

5.27 mm (CoV = 5.25%), 25.41 mm (CoV = 1.77 %)) were adopted for the insertion of CFRP laminates 101 

L10 and L20, respectively. The two components of each adhesive were mixed, according to the technical 102 

information reported in the corresponding datasheets, and then the groove was filled with the adhesive. In 103 

the case of the specimens strengthened with the adhesive ADH3, it was necessary to apply a special 104 

primer (chemically compatible with ADH3) at the groove surfaces. Subsequently, the CFRP was 105 

introduced in the centre of the groove and the surface was regularized (see Figure 2). Adhesives ADH1 106 

and ADH2 were applied using a spatula, while the ADH3 was applied by gravity due to its low viscosity 107 

(see Figure 2). The specimens were cured and kept in laboratory for approximately one month and a half 108 

before testing. 109 

The pullout tests were performed under displacement control, using as control variable the displacement 110 

at the loaded end section measured with a linear variable displacement transducer (LVDT1). Two 111 

constant displacement rates were adopted, 2 µm/s and 5 µm/s, for stiff and flexible adhesives, 112 

respectively. The lower rate was adopted to obtain a stable test during the pre- and post-peak phases, 113 

based on the previous experience, e.g. [26], while the higher rate (adopted with the flexible adhesive) was 114 
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chosen to have a duration of the tests with reasonable time. These type of adhesives are influenced by the 115 

test rate; however, the range of values adopted has marginal influence on the response of the system. The 116 

LVDT1 measured the slip at the loaded end (sl), i.e. the relative displacement between the CFRP laminate 117 

and the concrete. To avoid premature failure of CFRP laminates by the grip (see Figure 1), metallic tabs 118 

with 50 mm of length, 1.5 mm of thickness and the same width of the laminate were used. These tabs 119 

were glued to both faces of the CFRP with a cyanoacrylate-based glue. 120 

In order to better understand the evolution of degradation mechanisms during the test at the bonded zone, 121 

DIC technique was adopted in the surface of the strengthening system to document the deformations 122 

changes. [27]. This procedure can be used to derive the full field displacements at the documented area 123 

and then, by post-processing, to derive the relevant full field strains during the entire loading sequence. 124 

Additionally, considering that the scale and the resolution of the images taken are appropriate, the 125 

evolution of the crack pattern at the surface of the specimens was traced by processing the sequence of 126 

images (produced at a constant time step). The used lens adopted an aperture of f/11 and a focal length of 127 

100 mm. The documented area at the surface of the specimen was 60 mm wide and 100 mm long, with 128 

respect to the alignment of the CFRP laminate. Led lights were used to illuminate the surface of the 129 

specimen. The camera sensor was a full frame size, with 36 Mpx. Considering that the priority was to 130 

trace the initiation and propagation of the cracks during testing, the principal tensile strain fields were 131 

mapped adopting a very fine facet mesh. This mapping was particularly important to identify the location 132 

of the first cracks with respect to the CFRP laminate loaded end and to document the process of initiation 133 

and propagation of new cracks during the entire loading sequence. 134 

2.2 Material characterization 135 

A single concrete batch was used for casting all the concrete specimens. Concrete cylindrical specimens 136 

(150 mm of diameter and 300 mm of height) were tested for assessing the concrete mechanical properties 137 

through compression tests at 28 days and 110 days, being the later the testing age of the DPT. E-modulus 138 

(Ec) and compressive strength (fc) of concrete were assessed according to LNEC E-397-1993:1993 and 139 

NP EN 12390-3:2009 recommendations, respectively [28, 29]. Table 2 includes the average results of Ec 140 

and fc obtained from three cylindrical specimens. 141 

S&P® Clever Reinforcement Company produced the CFRP laminate strips used in this work, with the 142 

trademark CFK 150/2000. The external surface of the laminates is smooth and the content in fibres is 143 

about 70%. The mechanical properties of the CFRP laminate strips were previously assessed. The 144 
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relevant results in terms of elasticity modulus (Ef), tensile strength (ff) and strain at peak stress (εfmax) are 145 

presented in the Table 2 [3, 30]. 146 

Two of the adhesives tested were stiff epoxy adhesives with high viscosity, denominated herein as 147 

Adhesive 1 (ADH1) and Adhesive 2 (ADH2) with the commercial trademarks of Sikadur 30 and S&P 148 

Resin 220, respectively. The third adhesive was a polyurethane polymer adhesive with low viscosity and 149 

high flexibility after curing, with the commercial name of Sika PS and designed herein as Adhesive 3 150 

(ADH3). All the used adhesives are available in the form of two components (Component A = resin and 151 

Component B = hardener) that need to be mixed prior the application. According to the suppliers the 152 

ratios A:B are 3:1, 4:1 and 9:1 for the ADH1, ADH2 and ADH3, respectively. Tensile properties of 153 

ADH1 and ADH2 were obtained by performing 6 tests for each adhesive type according to the ISO 527-154 

2:2012 [31], while tensile properties of ADH3 were previously assessed by [10] and the relevant 155 

properties are reported in Table 2. This table presents the average values of the E-modulus (Ea), tensile 156 

strength (fa) and strain at peak stress (εamax) for ADH1, ADH2 and ADH3. As expected, ADH1 and ADH2 157 

have approximately shown similar mechanical properties, while ADH3 has shown significantly lower E-158 

modulus and tensile strength, as well as a much higher strain at peak stress. 159 

 160 

3. EXPERIMENTAL RESULTS AND DISCUSSION 161 

3.1 Main results 162 

Table 3 summarizes the main pullout results derived after testing three specimens for each series. Table 3 163 

also includes the failure modes (FM) observed. Flmax represents the maximum pullout force reached 164 

during the test; Flmax/ffu is the ratio between the maximum pullout force and the CFRP tensile strength 165 

derived from Table 2; max,avg represents the average shear bond strength at the CFRP laminate-adhesive 166 

interface and is obtained by dividing Flmax by the 3-face contact area between the CFRP laminate and the 167 

adhesive, Flmax/[(2 wf + tf) Lb], where wf and tf are the width and thickness of the CFRP laminate 168 

respectively and Lb represents the bond length; slmax is the loaded end slip at Flmax. It is noteworthy to 169 

stress that the assumed shear bond strength (max,avg) is considered in this study due to its importance in 170 

several different design approaches as an important design parameter for detailing, being a far-reaching 171 

simplification that does not reflect the real nonlinear shear stress distribution along the bond length [32]. 172 
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3.1.1 Force versus loaded end slip 173 

Figures 3 and 4 present representative pullout force versus loaded end slip relationships (Fl – sl) for all the 174 

tested specimens. During the early stages of the bond response, chemical bond governs the connection 175 

between the CFRP laminate and concrete. The Fl-sl responses up to the maximum load are mainly non-176 

linear due to the non-linearity in the behaviour of the adhesives and the progressive damage in the 177 

laminate-adhesive bond interface, as referred by [3, 7]. For the ADH1 and ADH2 specimens with Lb 178 

values of 200 and 300 mm of series L20, a second hardening branch develops during the pre-peak phase, 179 

with the increase of the load carrying capacity at a lower but approximately constant rate, until the peak 180 

pullout force is reached. The length of this branch is directly related to the bond length. The presence of 181 

this branch is associated to the occurrence of debonding failure before the NSM-CFRP system achieves 182 

the ultimate strength of the CFRP laminate, and therefore the CFRP rupture. It should be noted that Flmax 183 

obtained for the specimens failed by CFRP rupture is somewhat lower than the tensile strength of the 184 

corresponding CFRP laminate. This is probably due to the premature failure of some of the fibre clusters 185 

of the CFRP laminate during the test, possibly as a result of a slight eccentricity caused by the test setup 186 

leading to partial bending of the CFRP laminate.  187 

In the specimens that did not fail by CFRP rupture, in some cases, it was possible to capture a short and 188 

fast pullout force softening branch after the peak pullout force was reached, while in other cases a long 189 

post-peak branch was obtained. The absence of a softening branch may be justified by the difficulties in 190 

controlling the test after the peak load is reached mainly when the peak pullout force is high. Due to the 191 

sudden pullout force reduction, the failure of the system occurred, as result of a significant elastic 192 

deformation recovery in the CFRP laminate. The post-peak responses showed first a non-linear load 193 

softening phase, followed by the subsequent stabilization of the pullout force at a residual value due to 194 

friction at the interface. 195 

The Fl-sl response obtained for ADH3 specimens showed, as previously, a non-linear behaviour from the 196 

beginning up to the peak load. The increasing of the Lb resulted in an approximately proportional increase 197 

of the bond stiffness of the NSM CFRP system up to Flmax. The maximum load carrying capacity of the 198 

system (Flmax) may correspond to the initiation of the debonding at the CFRP laminate-adhesive interface 199 

and cohesive failure in the flexible polyurethane adhesive, when the maximum deformation capacity of 200 

ADH3 is met. When comparing these results to the behaviour observed with the stiff epoxy adhesives 201 

after the maximum pullout force, Fl showed the tendency to decrease smoothly and at a much lower rate. 202 
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After this decrease (in the case of ADH3 specimens), the responses obtained showed residual frictional 203 

forces approximately proportional to Lb, as described in the literature by [33]. For all the ADH3 series, it 204 

was possible to capture experimentally both the pre- and post-peak parts of the Fl-sl responses.  205 

Comparing the responses of ADH1 and ADH2 series with the corresponding responses of ADH3, 206 

significantly higher ultimate loads (Flmax) and bond stiffnesses were obtained for the stiff adhesives, while 207 

significantly higher slip corresponding to Flmax at loaded end (slmax) were achieved for the flexible 208 

adhesive, which can result in significantly more ductile responses of the NSM-CFRP in structural 209 

applications. 210 

Analysing the coefficients of variation (CoV) obtained for the different series, included in Table 3, the 211 

following conclusions can be drawn: 212 

• In general, low values of CoV were observed for the case of Flmax (a mean value of 4.4% was 213 

obtained when all series are considered). Moreover these values are in the range of expected 214 

values at lab testing. However, higher values of CoV were observed in the case of series involving 215 

flexible adhesives, when compared with stiff adhesives (3.3% against 7.0% in terms of mean 216 

values). This difference can be linked with the type of failure mode: in the case of specimens with 217 

flexible bulk adhesives, cohesive failure in the adhesive was always observed. Typically, CoV of 218 

the strength of flexible adhesives is in the range of 5% to 10% (e.g. [34]), while in the case of stiff 219 

adhesives the CoV of the strength presents lower values, e.g. [18]; 220 

• Higher values of CoV were found for the slmax, when compared with the case of Flmax. These 221 

observations were expected giving the difficulties of measuring very small slips such as slmax. 222 

Moreover, similar mean values of CoV were observed when an adhesive type analysis is done. 223 

3.1.2 Failure modes 224 

Figure 5 shows the failure modes observed during the present experimental program. Three types of 225 

failure modes were identified, which are related to the mechanical properties of the applied adhesives (see 226 

Table 3). In the ADH1 and ADH2 series the specimens failed by (i) DFA - debonding at CFRP-adhesive 227 

interface (see Figure 5a) or by (ii) FF - CFRP rupture (see Figure 5b). ADH3 specimens always failed by 228 

a mixed failure mode (see Figure 5c and Figure 5d): DFA + CA - debonding at laminate-adhesive 229 

interface and cohesive failure in the adhesive. It is noteworthy to stress that, for all the series (ADH1, 230 

ADH2 and ADH3), there was an absence of cracks in the concrete surrounding the CFRP bonded zone 231 
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through visual inspection using a handheld microscope (model VEHO VMS-004D) at the end of the test. 232 

Probably crack closure due to the unloading made difficult the observation of possible cracks, which were 233 

observed by DIC method during ongoing tests (see next sub-chapter).  234 

3.1.3 Digital Image Correlation analysis 235 

As mentioned previously, representative DPTs were monitored by documenting the surface of the 236 

specimens using digital images during the tests. DIC method was used afterwards in order to extract the 237 

deformation fields at the surface of the specimens, in order to compare the differences in the behaviour of 238 

NSM-CFRP systems when stiff and flexible adhesives are used. Assuming that the behaviour is 239 

approximately symmetrical, only one-half of the surface of the specimen with respect to the CFRP 240 

insertion plane was documented. 241 

In this paper, only the results of the specimens ADH2_Lb100_1 and ADH3_Lb100_1 are presented. The 242 

first specimen is representative of the stiff adhesive series while the other is representative of the flexible 243 

adhesive. The major principal (tensile) strain fields obtained using DIC, as well as the identification of the 244 

corresponding stages on Fl-sl responses are presented in Figure 6 for both tested specimens. The DIC 245 

strain field at the Vth instant of the ADH2_Lb100_1 specimen corresponds to the last image captured 246 

before the specimen failure. 247 

Regarding the results obtained for ADH2_Lb100_1 specimen (see Figure 6a), it can be observed that the 248 

initiation of diagonal micro cracks is clearly identified. These are revealed by high strain gradients in the 249 

form of tortuous lines at the concrete surface, which start at the vicinity of the loaded end section. During 250 

testing and while the pullout load increases, the number of diagonal micro cracks identified in the strain 251 

field increases gradually in the direction of the free end section.  252 

By looking at the crack pattern detected and its evolution, it is possible to identify the location of the 253 

highest strain gradient propagation front at the laminate, which develops initially at the loaded end and 254 

gradually propagates in the direction of the free end. The approximate location of this strain gradient front 255 

at the laminate is identified with the symbol ‘*’. It can also be assumed that the zone located between the 256 

highest strain gradient zone and loaded end section represents the area of bond softening. The location of 257 

highest strain gradient region moves towards the free end section during the entire pullout loading 258 

sequence. The existing cracks, which were not detectable during the visual inspection after testing, 259 

become gradually wider and longer, resulting in the formation of a stiffening mechanism based on the 260 

establishment of diagonal compressive forces, as reported in the literature [3, 35]. As shown, in the case 261 
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of the stiff adhesives, a “fish spine” crack pattern is formed (see Figure 6a). In general, the strain gradient 262 

in the concrete was greater than in the adhesive due to the superior mechanical properties of the latter. On 263 

the other hand, when the bonded zone represents the softening phase, the strain gradient is more localized 264 

at concrete-adhesive interface compared to concrete, because of a frictional slippage phenomenon and the 265 

decrease of pullout load, yielding to a decrease of the stress state in concrete.  266 

DIC analysis of ADH3_L20_Lb100_1 specimen is presented in Figure 6b. It is clear that the surrounding 267 

concrete remained almost undamaged while the strain concentrations originated mainly in the flexible 268 

polyurethane adhesive, which experienced high deformations even for relatively low values of Fl due to 269 

the low modulus of elasticity of the ADH3. Moreover, due to its low mechanical properties it is not 270 

effective in transferring high levels of stresses to the concrete (for the tested bond lengths).  271 

To summarize, DIC analysis allowed to document the main resistance mechanisms formed during the 272 

pullout tests and to identify the main differences between the bond behaviour of the stiff and of the 273 

flexible adhesives. When stiff adhesives were used for NSM-CFRP systems, the damage tended to affect 274 

also the surrounding concrete, while the application of the flexible adhesive resulted in the concentration 275 

of the damage mainly at the adhesive, instead of at the concrete. On the other hand, due to the 276 

significantly higher stiffness of the CFRP laminate when compared to the flexible adhesives, CFRP is 277 

entirely mobilized along the bond length in the presence of this adhesive, in contrast to the case when stiff 278 

adhesives are used, in which case the mobilization is less gradual. Similar effect was observed in DIC, 279 

when externally bonded composite materials were bonded using stiff mineral and flexible polyurethane 280 

adhesives [13, 36]. 281 

3.2 Influence of distinct parameters on the bond behaviour 282 

In Figure 7 the influence of both the adhesive type and the bond length on the parameters Flmax, slmax and 283 

max,avg is analysed. The results show that for most specimens Flmax increased almost linearly with the 284 

increase of Lb up to the CFRP tensile strength (Ffu) (see Figure 7a). Moreover, Flmax was higher for L20 285 

series than for L10 series with the same adhesive type and bond length, which is justified by the higher 286 

contact area at the laminate-adhesive and adhesive-concrete interfaces and the higher capacity for force 287 

transmission between the CFRP and concrete. In general, both stiff adhesives (ADH1 and ADH2) showed 288 

almost similar Flmax, while ADH3 showed significantly lower Flmax compared to the stiff adhesives. This 289 

poorer performance of ADH3 may result from its low mechanical properties. However, the increase of 290 
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Flmax with Lb was more pronounced for the specimens with the adhesive ADH3 than for the specimens 291 

with ADH1 and ADH2, especially for L20 series. 292 

Regarding the influence of the adhesive type and bond length on the loaded end slip at peak pullout force 293 

(see Figure 7b), the results obtained show the same trend, in this case slmax increases with the increase of 294 

Lb. However, an exception was observed when comparing ADH2_L10_Lb80 and ADH2_L10_Lb100 295 

series due to the occurrence of CFRP rupture. The cross-section geometry of the CFRP laminate also 296 

influenced slmax. Considering the specimens with Lb of 80 and 100 mm using adhesives ADH1 and ADH2, 297 

slmax was higher for L10 series. In contrast, for ADH3 series, slmax tended to be higher when L20 laminate 298 

was used instead of L10, although in both cases higher slmax were obtained when compared to the stiff 299 

adhesives. 300 

The influence of the analysed parameters on max,avg is  presented in Figure 7c. The results obtained show 301 

that the max,avg  values tended to decrease with the increase of Lb for stiff adhesives ADH1 and ADH2, 302 

with the exception of the ADH2_L10 series. This reduction of max,avg with Lb was not proportional to the 303 

increase of the contact area between the CFRP laminate and adhesive. According to [5], max,avg decreases 304 

with the increase in Lb due to the higher contact area between the CFRP laminate and the adhesive, and 305 

mostly due to the non-uniform distribution of bond stresses along the bond length [31]. In contrast, for the 306 

flexible adhesive ADH3 no significant effect was detected, being max,avg similar for all tested bond 307 

lengths. This is likely the result of a more uniform distribution of bond stresses along Lb when flexible 308 

adhesives are applied, due to the lower stiffness of the material and hyperelastic characteristics [13]. 309 

Additionally, for ADH3 specimens the cross-section geometry of CFRP laminate did not seem to 310 

significantly influence max,avg. To summarize, in general the results have shown that the bond stress 311 

development at laminate-adhesive interfaces is independent of the CFRP cross-section geometry. 312 

Moreover, the adhesive type has a noticeable influence on max,avg, as a result of a more or less uniform 313 

distribution of bond stresses along the bond length. 314 

3.3 Behaviour of stiff versus flexible adhesives at comparable deformation  315 

The NSM-CFRP systems are used in many practical applications as flexural strengthening solution of 316 

structural elements (e.g. bridge decks). Typically stiff epoxy adhesives are used as the bonding agent to 317 

fix the CFRP laminates. The strengthened elements undergo deformations under service loads, leading to 318 

stress variations in the NSM-CFRP strengthening system. When accidental or extreme loads generate 319 
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ultimate deformations, the strengthening systems using the stiff adhesives may not be able to withstand 320 

high deformations, whereas the flexible ones may be able to carry significant loads due to their high 321 

deformability. In these cases, the NSM-CFRP system could include the simultaneous use of stiff and 322 

flexible adhesives. In this critical phase and due to these extreme loads, such a hybrid system may be able 323 

to withstand further increase of deformations, as shown in Figure 8 (for 1 mm of slip both adhesives can 324 

withstand loads, whereas for 2 mm of slip only the flexible adhesive can continue withstanding loading). 325 

Similar ability was observed in the case of a RC beam strengthened using externally bonded CFRP 326 

laminates, fastened using stiff epoxy and flexible polyurethane adhesives [37]. The presented results 327 

suggest that such combined NSM-CFRP strengthening system can be applied as a “safety” measure of 328 

NSM strengthening system, protecting strengthened structures against sudden failure and loss of property 329 

or even casualties (e.g. sudden failure of bridges). The above observation was noticed for the bond length 330 

of 300 mm. Similar one was obtained during flexural tests on full scale slab specimens (detailed in the 331 

second part of the present companion paper).  332 

4. ANALYTICAL MODELLING 333 

This section describes the study carried out to i) determine the local bond stress-slip (𝜏 − 𝑠) laws 334 

considering the experimental results obtained from the pullout tests as described in the previous section 335 

and ii) to derive design curves in terms of maximum pullout force versus bond length for the stiff and 336 

flexible adhesives, by resourcing to the determined local 𝜏 − 𝑠 laws in step i). For this purpose, a 337 

computational programme previously developed by [19] was used. The main characteristics of this 338 

computational programme are described next. 339 

According to the adopted analytical model, the local bond phenomenon between two materials (in the 340 

present research, the CFRP laminate and concrete) is characterized mathematically by a second order 341 

differential equation. Based on this equation, it is possible to obtain the 𝜏 − 𝑠 relationship using an 342 

inverse analysis procedure, consisting of a series of iterations in order to find the value of the parameters 343 

of 𝜏 − 𝑠 relationship which can satisfy the second order differential equation. 344 

Assuming that the CFRP laminate has a linear elastic behaviour along its longitudinal direction, and 345 

neglecting the concrete and stiff adhesive deformations, the second order differential equation that 346 

governs the local bond phenomenon of the CFRP laminates inserted on the concrete cover is given by 347 

[19, 38]: 348 
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𝑑2𝑠

𝑑𝑥2
=

𝑃𝑓

𝐸𝑓∙𝐴𝑓
𝜏(𝑥) (1) 

 349 

where 𝜏(𝑥) = 𝜏(𝑠(𝑥)) is the bond stress at the contact surface between the CFRP laminate and adhesive 350 

along the bond length. Note that the bond stress 𝜏(𝑥) varies along the bond length and also depends on 351 

the relative slip between the CFRP laminate and adhesive 𝑠(𝑥). The origin of x axis coincides with the 352 

free end section and 𝐸𝑓, 𝐴𝑓 and 𝑃𝑓 are the modulus of elasticity, the cross-section area and the perimeter 353 

of CFRP laminate, respectively. 354 

By selecting local 𝜏 − 𝑠 law type, an iterative procedure is performed in order to determine the best 355 

parameters that define this law, as follows: i) the parameters defining the law are set; ii) then, the 356 

computed pullout force (𝑁) is determined and the computed pullout force versus slip response (𝑁 − 𝑠)comp 357 

obtained is compared to the corresponding experimental response (𝐹𝑒 − 𝑠)exp; (iii) the difference between 358 

the computed (𝑁 − 𝑠)comp and the experimentally obtained (𝐹𝑒 − 𝑠)exp responses is determined; iv) the 359 

process is repeated until an acceptable accuracy is obtained. 360 

The same approach was assumed for the series with flexible adhesives, although in this case the adhesive 361 

presents a non-negligible deformation. Following this simplified strategy, the obtained local law accounts 362 

for the bond between the CFRP laminate and the concrete substrate. 363 

Figure 9 presents a CFRP laminate inserted in the concrete cover with a bond length of Lb, where 𝑁 is the 364 

applied pullout force, while sf is the free end slip and sl is the loaded end slip. When the CFRP laminate 365 

slips due to an applied force 𝑁, the following parameters need to be evaluated along the bond length: slip 366 

𝑠(𝑥); bond stress between the CFRP laminate and adhesive 𝜏(𝑥); strain 𝜀𝑓(𝑥); and the axial force 𝑁(𝑥). 367 

The pullout force is determined by Eq. (2) which was obtained equating the internal work, derived by the 368 

elastic deformation of the CFRP laminate, to the external work produced by the stress field created at the 369 

CFRP laminate surface [38]. 370 

 𝑁 = √(2 ∙ 𝐸𝑓 ∙ 𝐴𝑓 ∙ 𝑃𝑓 ∙ ∫ 𝜏(𝑠) ∙ 𝑑𝑠
𝑠(𝑠=𝐿̃𝑏)

𝑠𝑓
) (2) 

 371 

In order to solve Eq. (1), the local bond law (𝜏 − 𝑠), proposed by CEB-FIP Model Code [20] and 372 

represented in Eq. (3), was used for both stiff (ADH1 and ADH2) and flexible (ADH3) adhesives. The 373 

typical shape of this law is presented in Figure 10. 374 
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 𝜏 =

{
 
 

 
 𝜏𝑚 ∙ (

𝑠

𝑠1
)
𝛼

                             𝑓𝑜𝑟 0 ≤ 𝑠 ≤ 𝑠1

𝜏𝑚                                           𝑓𝑜𝑟 𝑠1 < 𝑠 ≤ 𝑠2

𝜏𝑚 − (𝜏𝑚 − 𝜏𝑓) ∙ (
𝑠−𝑠2

𝑠3−𝑠2
)   𝑓𝑜𝑟 𝑠2 < 𝑠 ≤ 𝑠3 

𝜏𝑚                                                     𝑓𝑜𝑟 𝑠 > 𝑠3

 (3) 

 375 

where 𝜏𝑚 and 𝑠1 are respectively the bond strength and its corresponding slip. In this equation α (0 ≤ 𝑠 ≤376 

𝑠1) is the parameter that defines the shape of the pre-peak branch, while 𝑠1, 𝑠2 and 𝑠3 represent, 377 

respectively, the slip at the end of the ascending, plateau and descending branches (see Figure 10). 378 

For the determination of the local bond stress-slip laws, the parameters defining τ-s laws were calibrated 379 

using the experimental average pullout force versus loaded end slip curves series ADH3 and some series 380 

ADH1 and ADH2 (those representing bond softening phase). For the CFRP laminate geometry properties, 381 

a cross-section area, Af, of 14.0 mm2 and a perimeter, Pf, of 21.4 mm were adopted for L10 laminate, 382 

while for L20 the adopted properties were 28.0 mm2 and 41.4 mm, respectively. 383 

Table 4 shows the values of the parameters obtained using the described model for the definition of the 384 

local 𝜏 − 𝑠 laws for the analysed experimental pullout tests, based on the inverse analysis procedure. This 385 

table also includes the normalized error, Err, of the computational iterative procedure, defined as the ratio 386 

between the area difference of experimental versus computed curves and the area under the experimental 387 

curve. In some cases, Figures 3 and 4 include the comparison between the experimental and computed 388 

pullout force versus loaded end slip relationships. By observing the obtained results is possible to 389 

conclude that the analytical model describes well the local bond-slip laws of NSM-CFRP systems for 390 

both stiff and flexible adhesive applications. 391 

The normalized local bond stress-slip laws computationally obtained for the stiff and flexible adhesives 392 

are presented in Figure 11. These normalized bond laws were determined by dividing the local bond 393 

stress derived computationally for each series (𝜏𝑎𝑛𝑎𝑙𝑦) to the corresponding maximum local bond stress 394 

𝜏𝑚
𝑎𝑛𝑎𝑙𝑦

. Figure 11 shows that regardless the type of epoxy adhesive for NSM-CFRP systems, all the local 395 

bond stress-slip laws obtained showed approximately similar values of the normalized residual pullout 396 

force, which was almost 50% of the corresponding maximum local bond stress. On the other hand, Figure 397 

11 evidences that, in addition to the higher deformability provided by the flexible adhesive, the use of 398 

ADH3 in the NSM-CFRP system resulted in a clearly more pronounced plateau branch (when 𝑠1 < 𝑠 ≤399 

𝑠2, see Equation (3)) in the local bond stress-slip law, compared to the cases of ADH1 and ADH2. This 400 

fact may justify the use of ADH3 in the NSM-CFRP system for applications where higher ductility is 401 
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pursued. Besides, regarding the use of ADH3, Figure 11b also shows that the use of CFRP laminates of 402 

L20 led to an even more pronounced plateau branch when compared to the cases where laminate L10 was 403 

applied.   404 

On the other hand, for a safe and economical design of NSM-CFRP system, the anchorage length of 405 

CFRP laminate should be determined considering the requirements imposed by ultimate limit state 406 

conditions. For this purpose, the value of the maximum pullout force of NSM-CFRP system can be 407 

determined by integrating the local bond stress-slip laws along the bonded length. Hence, the maximum 408 

pullout forces were computationally determined for different bond lengths ranging from 20 mm to 300 409 

mm for both stiff and flexible adhesives, using the average values of the variables that define the local 410 

𝜏 − 𝑠 laws (see Table 4). These average values were considered to be independent of the bond length and 411 

of the CFRP laminate type (L10 or L20). Moreover, for both the stiff adhesives ADH1 and ADH2, the 412 

same local τ-s law was adopted to determine the maximum pullout force.  413 

Figure 12 shows the relationship between the maximum pullout force and the bond length assumed, for 414 

both stiff and flexible adhesives. These relationships can be used for design purposes, to determine the 415 

required bond length considering a pre-defined maximum pullout force imposed at ultimate limit state 416 

condition. Figure 12a shows that the values of the required bond length increase when the maximum 417 

pullout force increases, until the effective resisting bond length (𝐿𝑟𝑏𝑒) is reached. The maximum pullout 418 

force value is limited to the maximum force that can be transferred through the NSM-CFRP system by the 419 

bonded connection. This effective resisting bond length can be obtained by Eq. (4) [39, 40]. 420 

 421 

 422 

 

𝐿𝑟𝑏𝑒 =
𝜋

2∙𝜆
1

𝜆2
=

𝛿𝑢

𝜏𝑚∙𝐽1

𝐽1 =
𝑃𝑓

𝐴𝑓
∙ (

1

𝐸𝑓
+

𝐴𝑓

𝐴𝑐∙𝐸𝑐
)

 (4) 

 423 

where 𝐸𝑐 is the elasticity modulus of concrete; 𝜏𝑚 and 𝛿𝑢 are the maximum bond stress and ultimate slip, 424 

respectively; and 𝐴𝑐 is the cross sectional area of the concrete surrounding the NSM-CFRP laminate, 425 

which was assumed to be equal to the cross-section of the concrete block used for the pullout tests. 426 

The values of 𝐿𝑟𝑏𝑒 of 200 mm and 203 mm were obtained for L10 and L20, respectively for stiff 427 

adhesives (ADH1 and ADH2), using the local τ-s laws where the variables assumed the average values, 428 

as presented in Table 4. These values of 𝐿𝑟𝑏𝑒 obtained for the stiff adhesives seem to be acceptably 429 
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approximate to the corresponding bond lengths computationally obtained for L10 and L20. In addition, 430 

for the flexible adhesive (ADH3) the values of 𝐿𝑟𝑏𝑒 around 838 mm and 874 mm were obtained, 431 

respectively for L10 and L20, which are noticeably larger than the corresponding values for the stiff 432 

adhesive.  433 

For the sake of comparison, the results of the experimental pullout tests (see Table 3) in terms of the 434 

maximum pullout force were overlaid to the computed results in Figure 12. It can be observed that the 435 

proposed design curves of both stiff (ADH1 and ADH2) and flexible (ADH3) adhesives of the NSM-436 

CFRP system predict well the experimentally obtained results. However, for the case of the stiff 437 

adhesives, the increase of the maximum pullout force experimentally obtained for increasing bond length 438 

was limited to the CFRP load carrying capacity, which is more evident for the case of laminate L20. 439 

The authors of the present work have also tested these adhesives with reinforced concrete (RC) slabs [41]. 440 

For that purpose, RC slabs with a length of 2600 mm were strengthened with two CFRP laminates (L20) 441 

of 2200 mm long (NSM strengthening technique). The slabs with flexible adhesive have presented a 442 

lower load carrying capacity values (around 19% less, when compared with the case where stiff adhesives 443 

are used), but with a more ductile failure mode and a higher residual load capacity after peak load (around 444 

61% more). Additionally, for service load levels (lower than the yielding load) both types of adhesives 445 

yielded to similar responses of the corresponding slabs. From these tests it became clear that, despite the 446 

need of larger bond lengths, flexible adhesives used at structural level yield to greater performance, 447 

particularly after peak load. 448 

 449 

5. NUMERICAL MODELLING 450 

A simple numerical model was developed to correctly simulate the direct pullout test results. The 451 

calculations were performed using DIANA finite element code [42]. Seven series were selected from the 452 

above described experiments: ADH1_L10_Lb60, ADH1_L10_Lb80, ADH1_L10_Lb100, 453 

ADH2_L10_Lb60, ADH2_L10_Lb80, ADH2_L10_Lb100 and ADH3_L10_Lb100. The calculations 454 

were carried out using bond-slip material parameters calibrated separately for each group of tests, as well 455 

as for the average parameters for stiff and flexible adhesives – see Table 4. Similarly to the analytical 456 

approach presented in Section 4, the results of the numerical simulations were compared with the 457 

experimental measurements. 458 
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5.1 Finite element model 459 

In Section 4 the simple phenomenological bond-slip law proposed was described for the stiff and flexible 460 

adhesives that includes all phenomena which govern the behaviour of bonding laminate to concrete 461 

mechanism (i.e. slips between adhesive and CFRP laminate, deformation of adhesive, slips between 462 

concrete and adhesive as well as cohesive damages and micro cracks in concrete). Therefore, two-463 

dimensional model can be used to describe the anchorage of the laminate in the concrete cube – see 464 

Figure 13. The direct pullout test was modelled using three types of finite elements: 8-node plane stress 465 

element (CQ16M) with a thickness of 200 mm for concrete prism, 3-node beam element (CL9BE) for the 466 

laminate and 6-node interface element with zero thickness (CL12I) for the adhesive. The cross-section of 467 

the beam element was rectangular with dimensions 101.4 [mm]. The corresponding perimeter of the 468 

laminate-to-concrete interface was equal to 21.4 mm. The concrete cube was fixed in the vertical 469 

direction (translations in Y direction), following the boundary conditions adopted in the experiments. 470 

5.2 Constitutive laws for materials 471 

The proposed analytical model for describing the behaviour of the interface between concrete and 472 

laminate is pertinent to situations where separation damages can be neglected, i.e. if normal stresses and 473 

corresponding damages in the direction normal to the interface can be neglected. In this case the 474 

constitutive relationships between the normal and tangential stresses and relative displacements can be 475 

treated as uncoupled and the incremental constitutive relationship of the laminate-to-concrete connection 476 

can be expressed in the following form: 477 

 [
Δ𝜎𝑛
Δ𝜏
] = [

𝐾𝜎 0
0 𝐾𝜏

] [
Δ𝑢𝑛
Δ𝑠

] (5) 

 478 

where Δ𝜎𝑛 is the incremental normal stress in the direction normal to the interface, Δ𝜏 is incremental 479 

tangent stress in the direction tangential to the interface, and Δ𝑢𝑛 and Δ𝑠 are increments of the relative 480 

displacements in normal and tangential direction to the interface, respectively. 𝐾𝜎  and 𝐾𝜏 represent the 481 

stiffness of the interface in the normal and tangential directions, respectively. Due to the fact that the 482 

model does not describe damages in the normal direction to the interface, the constant elastic value of the 483 

stiffness 𝐾𝜎  is assumed. In the current study high  value of 𝐾𝜎  was adopted in order  to obtain the same 484 

normal displacements between laminate and concrete. The stiffness in tangential direction is taken as 485 

equal to 𝐾𝜏 =
𝜕𝜏(𝑠)

𝜕𝑠
, where 𝜏(𝑠) is the phenomenological bond-slip law given by Equation (3). It is worth 486 
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noticing that the physical relationships (5) in unloading follow the initial stiffnesses 𝐾𝜎
𝑖𝑛𝑖𝑡 = 𝐾𝜎  and 487 

𝐾𝜏
𝑖𝑛𝑖𝑡 =

𝜏(0.02∙𝑠1)

0.02∙𝑠1
 in the normal and tangential direction, respectively. The constant initial values of these 488 

stiffnesses at unloading mean that the physical model does not describe damages accumulated in a 489 

laminate-adhesive-concrete connection during the loading process. In the case of unloading and reloading 490 

with the opposite sign, the original tangential stress - slip law is recovered and follows the negative 491 

counterpart of 𝜏(𝑠) law. The material parameters that describe the bond-slip relationship are taken from 492 

Table 4. This table covers only these tests for which full softening branch was experimentally obtained. 493 

The material parameters adopted for the specimens without the experimentally measured post-critical 494 

behaviour are summarised in Table 5. 495 

Linear-elastic material model is assumed with mechanical properties according to Table 2 for the CFRP 496 

laminate.  497 

5.3 Computational procedure and validation of the model 498 

An incremental-iterative procedure was used to obtain the solution. The computational process was 499 

controlled by increments of the vertical displacement of the node located at the end of the CFRP laminate 500 

(see Figure 13). Due to the fact that the model shows tendency to snap-back behaviour the arc-length 501 

approach for controlling the loading process was applied [43]. For each load increment the equilibrium 502 

between internal and external forces was calculated using the Newton-Raphson procedure. The residual 503 

forces and displacements norms were used as the convergence criteria. 504 

The results of calculations (together with the used bond-slip laws) are presented in Figure 14 to Figure 19. 505 

Figure 15 to Figure 17 present the force in the laminate versus loaded end slip responses. These were 506 

obtained for the bond-slip relationships calibrated analytically for each specific group of tests (black line) 507 

as well as for the average material properties (red line).  The proposed model correctly reflects the 508 

experimental results both for the stiff and flexible adhesives for each loading stage (i.e. initial, softening 509 

and residual). The maximum discrepancies between the experiments and the results of simulations for the 510 

average values of material parameters are about 6 %. The presented results indicate that the adopted 511 

analytical model has shown to be effective when used in the numerical simulations using the parameters 512 

determined, It can therefore be applied for further analysis of stresses and slip distributions in DPT tests 513 

as well as for numerical studies of NSM strengthened slabs that are discussed in the companion paper 514 

[41].  515 
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Figure 18 and Figure 19 show the distributions of slips and bond stresses along the bonding length for the 516 

stiff and flexible adhesives. It can be noticed that the flexible adhesive provides slightly nonlinear 517 

distribution of the slips and tangential stresses with low slip and stress gradients for each loading levels. 518 

The almost constant distributions of slips and bond stresses for the flexible adhesive are a consequence of 519 

its very low elastic modulus comparing to the CFRP Young’s modulus. In this case the CFRP laminate 520 

slips along the bonding length almost like a rigid body. In the case of the stiff resins the ratio between the 521 

elastic moduli of the CFRP laminate and the adhesive are nearly three orders of magnitude lower when 522 

compared to the flexible joint. This causes the gradual transfer of the force from the laminate to the 523 

concrete substrate and highly nonlinear distributions of slips and bond stresses. 524 

  525 
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6. CONCLUSIONS 526 

The present research work was dedicated to the experimental characterization of the influence of the 527 

adhesive type on the bond behaviour of CFRP composite materials applied according to NSM technique. 528 

For this purpose, two Sikadur 30 (ADH1) and S&P Resin 220 (ADH2) epoxy adhesives were used as 529 

representatives of stiff adhesives, while polyurethane Sika PS (ADH3) adhesive was used as 530 

representative of a flexible adhesive. Additionally, analytical and numerical investigations were carried 531 

out in order to determine the local bond stress-slip relationships for both stiff and flexible adhesives, as 532 

well as to extend the analysis of the experimental tests. As a result of this study, from the experimental 533 

results obtained the following main conclusions have been reached: 534 

 Comparing the responses of stiff and flexible adhesives, significantly higher maximum pullout forces 535 

and bond stiffnesses were observed for the stiff adhesives for the analyzed bonding lengths, while 536 

noticeably higher slip at maximum pullout force was achieved for the flexible adhesive, which can 537 

lead to more ductile responses in NSM-CFRP structural applications; 538 

 The specimens with stiff adhesives failed by debonding at laminate-adhesive interface or by CFRP 539 

rupture, while the specimens with the flexible adhesive always failed by a mixed failure mode 540 

combining debonding at laminate-adhesive interface and cohesive failure in the adhesive; 541 

 As a result of the DIC analysis, it was observed that, for the NSM-CFRP systems with stiff 542 

adhesives, the damage tends to significantly extend to the surrounding concrete, while with the 543 

flexible adhesive the damage is mostly confined to the adhesive;  544 

 The adhesive type had a significant influence on the average maximum bond shear stress, due to the 545 

different distribution patterns of the bond stresses along the bond lengths, which were clearly non-546 

uniform in the cases of stiff adhesives and essentially uniform in the cases of flexible adhesive; 547 

 The NSM-CFRP system combining the simultaneous application of stiff and flexible adhesives was 548 

proposed as a viable solution to overcome limitations in the deformability of the stiff bonding; the 549 

flexible adhesives may contribute to increase ductility by increasing the work dissipated in a post 550 

failure stage of the structural response. 551 

Regarding the analytical and numerical studies, the following remarks can be highlighted: 552 

 The adopted analytical model, according to the local bond law proposed by CEB-FIP Model Code, 553 

was capable of predicting the local bond-slip laws of NSM-CFRP systems with good accuracy for 554 

both stiff and flexible adhesive applications; 555 
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 Analysing the obtained local bond-slip laws, it was shown that, regardless of the type of adhesive, all 556 

the pullout specimens showed a residual pullout force in the softening branch of about 50% of the 557 

corresponding maximum pullout force, which was due to the friction at the CFRP laminate-concrete 558 

interface; 559 

 The specimens with flexible adhesive demonstrated a clearly more pronounced local bond stress 560 

plateau when compared to the ones with stiff adhesives, and this plateau was even more pronounced 561 

when the CFRP laminate with higher contact area was used; 562 

 Regardless of the cross-section of CFRP laminates used, the effective resisting bond length of 563 

approximately 200 mm was obtained for specimens with stiff adhesives, while a bond length of about 564 

850 mm was obtained for the cases of flexible adhesive; 565 

 The design curves for NSM-CFRP systems were obtained considering ultimate limit state conditions, 566 

and these were derived in terms of the required anchorage lengths for both stiff and flexible adhesive 567 

applications. 568 

 The simple numerical model for concrete-to-laminate interface exhibits very good predictive 569 

performance for all the simulated direct pullout tests and thus can be applied for modelling NSM 570 

strengthening in slabs, that is the main subject of the research discussed in  the  companion paper 571 

[41]. 572 

Despite the need of larger bond lengths, flexible adhesives when used in structural applications (e.g. 573 

strengthening RC slabs) yield to greater performance, particularly after peak load providing more ductile 574 

failure modes and extra residual strength. 575 

Current published design guidelines (e.g. 440.2R-17, CNR-DT 200 R1/2013, CAN/CSA-S6-06) do not 576 

consider explicitly the adhesive as one of components of the strengthening system. Moreover, they 577 

assume that the weakest component is the concrete. These current provisions do not account for the use of 578 

flexible adhesives, requiring the necessary adaptations. 579 

 580 
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Table 1 – Test program (each series composed of 3 specimens). 699 

Type of adhesive 
Type of specimen’s 

geometry 

CFRP cross-section 

geometry, wf  tf 
[mm] 

Bond length, Lb 

[mm] 
Series 

Adhesive 1 

(ADH1) 

Cubic 
101.4 

(L10) 

60 ADH1_L10_Lb60 

80 ADH1_L10_Lb80 

100 ADH1_L10_Lb100 

Cubic 
201.4 

(L20) 

80 ADH1_L20_Lb80 

100 ADH1_L20_Lb100 

Prismastic 
201.4 

(L20) 

200 ADH1_L20_Lb200 

300 ADH1_L20_Lb300 

Adhesive 2 

(ADH2) 

Cubic 
201.4 

(L20) 

80 ADH2_L20_Lb80 

100 ADH2_L20_Lb100 

Prismastic 
201.4 

(L20) 

200 ADH2_L20_Lb200 

300 ADH2_L20_Lb300 

Adhesive 3 

(ADH3) 

Cubic 
101.4 

(L10) 

50 ADH3_L10_Lb50 

100 ADH3_L10_Lb100 

150 ADH3_L10_Lb150 

Cubic 
201.4 

(L20) 

80 ADH3_L20_Lb80 

100 ADH3_L20_Lb100 

Prismastic 
201.4 

(L20) 
300 ADH3_L20_Lb300 
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Table 2 – Material characterization (average values). 701 

Concrete 

Age of curing fc [MPa] Ec [GPa] 

28 days 35.4 (4.8 %) 27.0 (0.5%) 

110 days 38.5 (2.1%) 28.3 (2.5%) 

CFRP 

Cross-section geometry 
[mm] 

ff [MPa] Ef [GPa] εfmax [10-3] 

101.4
a
 (L10) 2648.3 (1.8%) 169.5 (2.5%) 1.6 (1.8%) 

201.4
b
 (L20) 2784.0 (3.9%) 161.8 (0.9%) 1.7 (3.0%) 

Adhesive 

Type of adhesive fa [MPa] Ea [GPa] εamax [10-3] 

Adhesive 1 (ADH1) 25.6 (7.4%) 11.7 (0.5%) 3.0 (10.9%) 

Adhesive 2 (ADH2) 17.2 (5.4%) 7.6 (6.2%) 2.5 (13.2%) 

Adhesive 3 (ADH3)c 2.2 0.008 450 

Note: The values between parentheses are the corresponding coefficients of variation (CoV). 
a
 Results collected from [3]. 

b
 Results collected from [29]. 

c
 Results collected from [10]. 
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Table 3 – Main results obtained from the pullout tests (average results). 703 

Series 
Flmax 

[kN] 
Flmax/ffu 

[%] 
max,avg

 b 

[MPa] 

slmax 

[mm] 
FM 

ADH1_L10_Lb60 22.5 (1.5%) 60.8 17.5 0.5 (13.8%) DFA(3) 

ADH1_L10_Lb80 26.0 (2.1%) 70.2 15.1 0.7 (3.3%) DFA(3) 

ADH1_L10_Lb100 29.6 (3.4%) 80.0 13.9 0.9 (7.1%) DFA(3) 

ADH1_L20_Lb80 46.7 (4.5%) 58.4 14.1 0.5 (7.0%) DFA(2) 

ADH1_L20_Lb100 48.9 (4.1%) 61.1 11.8 0.6 (7.1%) DFA(3) 

ADH1_L20_Lb200 59.5 (3.0%) 74.4 7.1 1.1 (22.7%) DFA(1); FF(1) 

ADH1_L20_Lb300 61.0 (2.6%) 76.3 5.0 1.3 (17.2%) FF(2) 

ADH2_L10_Lb60 a 24.3 (1.6%) 65.6 18.9 0.6 (11.4%) DFA (3) 

ADH2_L10_Lb80 a 36.5 (2.1%) 98.7 21.3 0.9 (2.2%) FF(3) 

ADH2_L10_Lb100 a 35.6 (3.0%) 96.2 16.6 0.8 (11.0%) FF(3) 

ADH2_L20_Lb80 48.4 (4.6%) 60.5 14.6 0.5 (29.0%) DFA(3) 

ADH2_L20_Lb100 54.1 (4.4%) 67.6 13.0 0.8 (11.9%) DFA(3) 

ADH2_L20_Lb200 55.2 (6.4%) 69.0 6.6 0.9 (10.0%) DFA(1);FF(1) 

ADH2_L20_Lb300 60.4 (3.4%) 75.4 4.9 2.0 (17.7%) DFA(2);FF(1) 

ADH3_L10_Lb50 2.4 (6.0%) 6.3 2.2 1.1 (11.2%) DFA+CA(3) 

ADH3_L10_Lb100 5.0 (6.9%) 13.6 2.3 1.3 (14.7%) DFA+CA(3) 

ADH3_L10_Lb150 8.1 (6.3%) 22.0 2.6 1.7 (2.9%) DFA+CA(3) 

ADH3_L20_Lb80 5.7 (11.8%) 7.1 1.8 1.9 (7.4%) DFA+CA(3) 

ADH3_L20_Lb100 9.9 (0.5%) 12.4 2.4 2.1 (4.0%) DFA+CA(2) 

ADH3_L20_Lb300 28.6 (10.4%) 35.7 2.3 2.7 (20.6%) DFA+CA(3) 

Notes: 

The values between parentheses are the corresponding coefficients of variation (CoV). 

a Results collected from [21]. 

b Nominal values (see also Section 3.1). 

 

Failure modes (FM): Debonding failure at CFRP-Adhesive interface – DFA; Cohesive failure in Adhesive 

– CA; CFRP Failure – FF; the values between parentheses are the number of specimens where this failure 

occurred. 
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Table 4 – Values of the parameters defining τ-s relationship. 705 

Adhesive Series 
s1 

[mm] 
s2 

[mm] 
s3 

[mm] 
τm 

[MPa] 
τf 

[MPa] 
α 

[-] 
Err. 

[%] 

Adhesive 1 

ADH1_L10_Lb60 0.25 0.25 0.90 18.11 7.24 0.30 7.09 

ADH1_L10_Lb80 0.30 0.35 0.95 15.98 7.03 0.25 5.98 

ADH1_L10_Lb100 0.45 0.45 1.00 15.45 6.93 0.30 5.17 

Adhesive 2 ADH2_L10_Lb80 0.25 0.40 1.00 23.44 8.95 0.60 4.45 

Average  
ADH1 and ADH2 

L10 
0.31 

(28.1%) 
0.36 

(19.7%) 
0.96 

(4.2%) 
18.25 

(15.8%) 
7.54 

(10.3%) 
0.36 

(31.3%) 
5.60 

(19.9%) 

Adhesive 3 

ADH3_L10_Lb50 0.90 1.90 4.00 2.08 1.07 0.70 1.78 

ADH3_L10_Lb100 1.00 1.70 3.90 2.29 1.17 0.75 1.61 

ADH3_L10_Lb150 1.40 1.60 4.00 2.45 0.96 0.60 2.98 

ADH3_L20_Lb80 0.95 2.40 4.35 1.69 0.93 0.60 1.93 

ADH3_L20_Lb100 1.05 2.60 4.30 2.32 1.40 0.60 2.81 

ADH3_L20_Lb300 1.90 3.00 5.00 2.27 1.16 0.35 3.59 

Average ADH3 L10 and L20 
1.20 

(32.1%) 
2.20 

(25.2%) 
4.26 

(9.5%) 
2.18 

(12.1%) 
1.19 

(15.9%) 
0.60 

(22.9%) 
2.45 

(32.3%) 

  Note: The values between parentheses are the corresponding coefficients of variation (CoV). 
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Table 5 – Local bond - slip material parameters for the specimens without softening branch. 708 

Series 
1s  2s  3s  mt  ft  a  

[mm] [mm] [mm] [MPa] [MPa] [-] 

ADH2-L10-Lb60 0.20 0.25 1.20 19.5 8.0 0.45 

ADH2-L10-Lb100 0.20 0.30 0.95 19.0 8.0 0.45 

 709 
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Figure 1 – Main characteristics of pullout tests (all dimensions are in millimeters).  748 
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Figure 2 – Application of the adhesives: (a) ADH1/ADH2; (b) ADH3. 750 
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Figure 3 – Pullout force vs. loaded end slip responses in series L10. 752 
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(a) 

 

(b) (c) 

   
(d) 

 

(e) (f) 

   
(g) 

 

(h) (i) 

Figure 4 – Pullout force vs. loaded end slip responses obtained in series L20. 754 
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(a) (b) 

  

(c) (d) 

Figure 5 – Observed failure modes: (a) debonding at CFRP laminate/adhesive interface (Adhesives 756 

ADH1 and ADH2); (b) CFRP rupture (ADH1 and ADH2); (c) and (d) mixed failure mode composed of 757 

debonding of the CFRP laminate and cohesive in adhesive (ADH3); (d) external surface of the CFRP 758 

laminate for the case of ADH3. Note: figures (a) and (c) were taken in the loaded end section. 759 
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(a)  

 

 
(b) 

 

Figure 6 – Major principal (tensile) strain fields obtained using DIC: (a) ADH2_L20_Lb100_1 and 761 

(b) ADH3_L20_Lb100_1. Notes: i) The figures show the evolution of the principal maximum strain 762 

(tension) during the test. These strains are presented in its absolute value; ii) the star in figure (a) indicates 763 

the possible location of the maximum bond stress for its corresponding instant.  764 
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(a) (b) 

 

(c) 

Figure 7 – Influence of study variables on the: (a) maximum pullout force; (b) loaded end slip at 765 

maximum pullout force; (c) maximum average bond stress at the CFRP/adhesive interface. 766 

  767 

40 80 120 160 200 240 280 320
0

20

40

60

80

L10 CFRP rupture

P
e

a
k

 p
u

ll
o

u
t 

fo
rc

e
, 

F
lm

a
x
 [

k
N

]

Bond length, L
b
 [mm]

 ADH1_L20      ADH1_L10

 ADH2_L20      ADH2_L10

 ADH3_L20      ADH3_L10

L20 CFRP rupture

40 80 120 160 200 240 280 320
0.0

0.5

1.0

1.5

2.0

2.5

3.0

 ADH1_L20      ADH1_L10

 ADH2_L20      ADH2_L10

 ADH3_L20      ADH3_L10

L
o

a
d

e
d

 e
n

d
 s

li
p

 a
t 

p
e

a
k

 p
u

ll
o

u
t 

fo
rc

e
,

s
lm

a
x
 [

m
m

]

Bond length, L
b
 [mm]

40 80 120 160 200 240 280 320
0

6

12

18

24

M
a

x
im

u
m

 a
v

e
ra

g
e

 b
o

n
d

 s
tr

e
n

g
th

,

 m
a
x
,a

v
g
 [

M
P

a
]

Bond length, L
b
 [mm]

 ADH1_L20      ADH1_L10

 ADH2_L20      ADH2_L10

 ADH3_L20      ADH3_L10



41 

 768 

Figure 8 – Relationships between the average pullout force and loaded end slip of series ADH1 (stiff 769 

adhesive) and ADH3 (flexible adhesive) for bond length of 300 mm and laminate L20. 770 

 771 

 772 

Figure 9 – Entities involved in the used analytical model [17]: (a) slip; (b) bond stress; (c) CFRP strain; 773 

(d) CFRP axial force. 774 
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Figure 10 – Typical shape of τ-s laws used for AHD1, ADH2, and ADH3 series. 776 

 777 

  

(a) (b) 

Figure 11 – Normalized local bond-slip laws of: (a) ADH1_L10 and ADH2_L10; (b) ADH3_L10 and 778 

ADH3_L20. 779 
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(a) (b) 

Figure 12 – Relationship between the pullout force and the bond length of: (a) ADH1_L10 and 782 

ADH2_L10; (b) ADH3_L10 and ADH3_L20. 783 

 784 

 785 

Figure 13 – Finite element model for DPT test. 786 
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(a) (b) 

Figure 14 – Local bond - slip law adopted in the simulations for: (a) ADH1 and ADH2 adhesives; 788 

(b) ADH3 adhesive. 789 
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(a) (b) 

 

(c) 

Figure 15 – Simulations vs. experiments for direct pullout test for specimens: (a) ADH1_L10_Lb60, 791 

(b) ADH1_L10_Lb80, (c) ADH1_L10_Lb100. 792 
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(a) (b) 

 

(c) 

Figure 16 – Simulations vs. experiments for direct pullout test for specimens: (a) ADH2_L10_Lb60, 794 

(b) ADH2_L10_Lb80, (c) ADH2_L10_Lb100. 795 

 796 

 797 

Figure 17 – Simulations vs. experiments for direct pullout test for specimen ADH3_L10_Lb100. 798 
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Figure 18 – Distributions of slips and bond stress along anchorage length for specimen 800 

ADH1_L10_Lb100: (a) – (d) slip [mm], (e) – (h) stress [MPa]. 801 
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Figure 19 – Distributions of slips and bond stress along anchorage length for specimen 804 

ADH3_L10_Lb100: (a) – (d) slips, (e) – (h) stresses. 805 
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